This study explored relationships between physical/chemical and sensory properties using a set of 20 low-fat and non-fat cream cheeses. High correlations were found between several descriptors; hand resistance (i.e., tactile firmness) was best predicted by squeezing flow viscometry (r = 0.90) and followed by dynamic oscillation (r = 0.86), steady shear viscometry (r = 0.83, excluding non-fat samples), and contraction flow viscometry (r = 0.80). However, taking into account the measurement uncertainty, similar maximal correlations were found for contraction flow and squeezing flow. Creaminess was found to be governed largely by oral graininess (r = -0.98), and was best predicted instrumentally by friction measurements (r = 0.90).
INTRODUCTION
Cream cheese is a concentrated acid milk gel system with a variable fat content. As is the case for other dairy product groups, many low-fat and even non-fat cream cheeses have entered the market recently. In particular, non-fat cream cheeses are difficult to characterize rheologically due to their tendency to fracture rather than flow above their yield stress. [1] Moreover, slip, syneresis, and the presence of particles may render it impossible to use conventional rheological techniques such as steady shear viscometry.
Among alternative methods described in the literature are a capillary extrusion technique, [2, 3] and a method employing a Brookfield viscometer with a standard spiral adapter. [4] The capillary extrusion technique employs Universal Testing Machine to record the force required to press the test material through a capillary (diameter 3 mm); the appearance of the extrusion curves was used to classify samples qualitatively in six groups. [2, 3] Squeezing flow [5] and contraction flow [6] viscometry are two interesting candidates of a more fundamental nature which both, ideally, measure elongational properties. It has been suggested [7] , but not yet verified experimentally, that elongational viscosity is more sensorially relevant than shear viscosity. However, this field of research is still in its infancy because of experimental difficulties, especially regarding semi-solid foods. [6] In squeezing flow viscometry, the material is squeezed between parallel lubricated plates: this produces a biaxial elongational flow, provided that friction is eliminated. [5] The force is recorded as the sample is compressed between the parallel plates. Squeezing flow viscometry yields one value for stress (and elongational viscosity) for each sample height (i.e., separation between plates). A special variety of this technique is the so-called imperfect squeezing flow array, meant for semi-solids, where the lower plate is replaced by a shallow container. In the latter case the elongational viscosity cannot be evaluated exactly, but stress values are used as consistency indices. [8] In practice, the strain rate in squeezing flow viscometry is limited to a maximum of 0.2 s −1 , this is several orders of magnitude lower than that encountered in oral processing. Squeezing flow viscometry has been evaluated for cream cheese. [9] The imperfect squeezing flow setup was used, with an acrylic dish lubricated with silicone oil; from the biaxial flow curves, the investigated cream cheeses could be adequately described as Power Law materials, with low-fat cream cheeses generally having higher values of n, and lower values of K.
Contraction flow viscometry employs a parabolic nozzle which is designed to deliver a constant strain rate througout the nozzle under a constant displacement. Shear flow is present during contraction flow, but can be corrected for, in the case of Power Law materials. The technique has been used to distinguish between ropy and non-ropy fermented milks, which could not be separated by conventional steady shear viscometry. [6] A higher strain rate is attained in contraction flow compared to squeezing flow viscometry (but still much lower than that found in the mouth during mastication).
Few studies have related the sensory properties of cream cheese products to microstructure and instrumental measurements. [10, 11] In one study, the microstructure was related qualitatively to manufacturing conditions and sensory properties. [10] Another study, [11] limited to four commercial samples, found that hardness and adhesiveness could be predicted by rotational rheometry (yield stress and dynamic oscillation) as well as instrumental Texture Profile Analysis (TPA). Perceived creaminess has been found to be positively correlated to consumer liking for a wide range of dairy products, e.g. in fresh and reconstituted milks and creams, [12] in vanilla puddings, [13] in yoghurts, [14, 15] and ice cream [16] ; the purpose of the present work is to characterize creaminess and other key sensory attributes in cream cheese, using sensory as well as instrumental techniques.
MATERIALS AND METHODS

Cream Cheese Manufacture and Experimental Design
Cream cheeses were produced in a the pilot plant of Arla Foods, Brabrand, Denmark, according to their proprietary standard methodology. A milk base was homogenized, pasteurized, fermented, pH adjusted, concentrated by centrifugation, pasteurized, homogenized, and hot-filled. A total of 20 samples were produced according to a 4 × 2 × 2 full factorial design with duplicated centre samples (Table 1) ; this design was primarily chosen to provide a wide sensory space. The factors studied were pH (4.4 and 5.0), salt (0.4 and 0.9 g/100 g) and fat (0, 3, 6, and 9 g/100 g). The center samples had pH 4.7 and 0.65 g salt/100 g, and either 0 or 9 g fat/100 g. The moisture content of the cheeses was kept nearly constant (78.2-80.6 g/100 g).
Sensory Analysis
Sensory testing comprised a descriptive analysis by a trained panel (10 participants), conforming to pertinent international standards. [17] Twenty-eight sensory descriptors were developed by consensus during eight hours of training sessions, using reference samples where feasible. Table 2 lists the reference materials, sensory descriptors, their definitions, abbreviations and original terms in Danish. In addition, the descriptor creaminess was evaluated without prior consensus among panelists, i.e., each panelist used his or her own concept of creaminess.
Samples were kept at 13°C for one hour prior to the sensory sessions, and served in random order, one sample at a time, ten samples of 40-45 g per session, under normal lighting conditions in transparent 100 ml containers with lids. Sensory analysis took place in a sensory laboratory complying with international standards for test rooms. [18] Samples were scored on a computer screen using a 15-cm unstructured scale; data was acquired using FIZZ (BIOSYSTEMES, Couternon, France).
Instrumental Characterization of Cream Cheeses
Rheological measurements. Steady shear viscometry as well as dynamic oscillation testing was performed at 13°C using a 15-mm parallel plate measuring system with a 2.0-mm gap on a Bohlin C-VOR controlled stress rheometer (Malvern Instruments Ltd., Malvern, Worcestershire, UK). Thermal equilibrium time prior to measurement was *The cream cheeses (Q, R, S, T) with the lowest and highest fat content adjusted to both average salt content and pH-value were selected as the reference to appear twice. Squeezing flow viscometry between parallel circular Teflon plates (d = 100 mm) was performed using an Instron 5564 UTM (Instron Corp., High Wycombe, UK) with a 500 N load cell. Cold cream cheese (5°C, 20 g) was spread on one plate, and compressed at a rate of 0.1 mm s −1 to a final height of 0.9 mm; the result of a squeezing flow measurement is a vector of extensional viscosities representing heights from 2.0 down to 0.9 mm.
Contraction flow viscometry was performed at 13°C using nozzles with a Hencky strain of 3.07 fitted to an Instron 4301 UTM (Instron Corp., High Wycombe, UK), yielding a single value for elongational viscosity. The displacement rate was 1 mm s −1 (elongational strain rate 1.376 s −1 ). All rheological measurements were performed in triplicate. Friction measurements. Friction was measured using the apparatus shown in Fig. 1 . This consists of a rotating shaft around which a tubular sample of an everted porcine oesophagus is placed. [19] Lying on the shaft is a horizontal bar holding a sample of tongue, this is connected at its far end to a load cell which measures the horizontal force (X) applied to the load cell by the bar when the shaft rotates (0.7 mm s −1 ). In these experiments the vertical load (Y) applied by the bar to the shaft was held constant at 100 g the coefficient of friction is the ratio of these two forces (X/Y). Fresh samples of mucosa were used for each of the cheese samples, at least three measurements were made. All measurements were made at ambient temperature.
Other measurements. Water holding capacity was determined as the amount of percentage of supernatant after centrifugation at 10,000 g at 10°C, for 10 min. Protein (not a design variable) was determined by Kjeldahl as 6.38 × N.
Data Analysis
Data analysis of sensory data was performed using univariate analyses (ANOVA for each descriptor). ANOVAs for the individual descriptors were performed using panelists as a random factor. Multivariate data analysis in the form of ANOVA Partial Least Squares Regression, [20] a graphical alternative to ANOVA, was applied to investigate relationships between sensory data and the experimental design. After initial analysis, data were averaged over panelists, and those data were used for further analysis. For all the multivariate analyses, cross validation was performed, leaving each replicate out at a time. Two data analytical approaches were followed to relate sensory and rheological data. One was the application of uni-and multivariate regression methods (PLSR), in which raw data (averages of triplicates) was regressed on averaged sensory descriptors, an approach, which in the case of PLSR, has been termed Spectral Stress-Strain Analysis in the literature. [21] Predictive performance was expressed in terms of Root Means Square of Cross-Validation (RMSECV). The size of the sensory measurement uncertainty (RMSECV derived from ANOVA PLSR) serves as a reference value for comparison of predictive ability of instrumental data. The prediction can not possibly be better than the measurement error of the sensory descriptor.
The other data analytical approach was to combine mixed model ANOVA with Measurement Error Methodology in order to assess the uncertainty of the studied correlations [22] ; it is employed as a means of separating the true correlation, related to an underlying structure, from measurement error. Products were treated as fixed factors, and panelists, replicates, as well as all second-order interactions were considered random.
RESULTS AND DISCUSSION
Sensory Data
Mean sensory scores are tabulated in Table 3 . From the correlation loading plot of sensory data ( Fig. 2 and 3 ) it is apparent that several key sensory attributes were strongly correlated. On particular note is the correlation between Creaminess and key textural attributes such as hand resistance (r = −0.94), grain size (r = −0.78), oral firmness (r = −0.91), meltdown (r = 0.94), smoothness (r = 0.98), Floury (r = −0.90), and Chalky (r = −0.94). p-values computed from Fisher's z transform show that all correlations coefficients are significantly different from 0. Detailed analysis showed that hand resistance was the sensory descriptor that best separated the samples, i.e., the combination of spanning most of the sensory scale (15 cm) and having the lowest uncertainty in panellists' evaluation. It was chosen as the one key sensory descriptor along with creaminess for further analysis of sensory-instrumental relationships. After averaging over panelists, the measurement uncertainty for Hand resistance was 0.96 cm (in terms of RMSECV). Hand resistance was found to correlate positively to protein content (r = 0.85) and negatively to fat content (r = −0.87). For pH and salt the correlations were r = −0.37 and −0.09, respectively.
It is worth noting that creaminess appears close to, and is thus postively correlated to, oral smoothness, butter flavour, and opposite to/negatively correlated to oral graininess, oral flouriness, and oral stickiness. The actual correlations are not always immediately evident from the loadings plot. For example, we found the following correlation coefficients between creaminess and hand resistance: −0.94; oral firmness: −0.91; oral smoothness: 0.98; oral graininess: −0.98.
The loadings plot present the relationship between the descriptors, but elucidating the actual causal relationship between them is fraught with pitfalls, a good example of which is found in the scatter plot of creaminess vs. oral firmness (Fig. 4) . We have previously found creaminess to be positively correlated to oral viscosity (and smoothness) in low-fat yoghurts. [23] Here, surprisingly, we found oral firmness and creaminess to be negatively correlated. This leads us to look for a lurking variable, [24] i.e., we surmise that the correlation between oral firmness and creaminess is spurious or non-causal. An important clue is provided in by the location of two samples in the plot of creaminess vs. oral firmness, namely 1) the sample with 0% fat, pH 5.00 and 0.9% salt; and 2) the sample with 6% T-F9-Sm-pm fat, pH 4.40, and 0.4% salt. These samples do not follow the general trend of a decrease in oral firmness with fat level. Instrumental particle size data [25] confirm that the former had a considerably smaller mean particle size than the latter. Indeed, the plot of sensory creaminess vs. oral graininess (Fig. 5) showed an negative relationship.
What seems to be at play here is the electrostatic aggregation of acid milk gel particles in the cream cheese. Cheeses with low pH (close to iso-electric pH) and low salt are evidently grainier than cheeses with high pH and high salt, which makes perfect sense; fat inhibits the aggregation of cheese particles, for reasons that are not entirely clear. Using stirred yoghurt as a model, the effect of fat protein and mechanical treatment on aggregation of acid milk gel particles has been studied. [26] Post-aggregation of acid milk gel particles was found to correlate positively to protein level and negatively fat level to mechanical treatment. The effect of pH on texture of cream cheese and Neufchatel cheese (retail brands adjusted with NH 3 ) has been studied. [27] It was found that firmness decreased with increasing pH. Because of the lurking variable oral graininess, this effect was difficult to discern in our system. The conclusion of this part is that creaminess is completely governed by the particle size and its sensory manifestation oral graininess. This opens several avenues for product development in the low-fat cream cheese area, further optimizing pH, salt and, of course, fat.
Rheological Data
Shear viscometry proved untenable for non-fat cream cheese because of its tendency to fracture rather than flow above the yield stress. For this reason, correction for shear flow in contraction flow viscometry was not possible for these samples, as this correction requires power Law parameters as input. However, for the remaining low-fat samples it turned out that the difference was rather small (on the order of 5%); it was thus decided not to correct for shear flow. Moreover, a certain degree of slip was apparent in the shear flow curves; in squeezing flow viscometry slip is not a problem, but rather a requisite.
The predictive ability of the raw rheological data is given in Tables 4 and 5 . The multivariate PLS model indicates directly which of the independent (X) variables carry (Fig. 6) .
Benchmark values for RMSECV are computed from cross-validated ANOVA PLSR models; these values (RMSECV = 0.78 for creaminess; RMSECV = 0.96) represent the measurement uncertainty from the sensory analysis alone.
Comparing the PLS models (Table 4) , where all the raw data was used, to the simpler, univariate regression models ( Table 5 ) we notice that the PLS models fare better (in terms of RMSECV) than the univariate model in the case of squeezing flow viscometry. For other rheological data, e.g., elastic modulus, this was not the case. This is because the elastic modulus raw data, i.e. the mechanical spectra, are more multi-collinear than the squeezing flow raw data.
Comparing the predictive abilities of the different rheological data, it was found, for both the entire dataset as well as for the subset excluding the non-fat samples that squeezing flow predicts hand resistance better than shear viscometry (in the case of the low-fat samples), which in turns performs better than elastic modulus, and lastly contraction flow. It should be noted that the squeezing flow measurements were performed at a lower temperature than the sensory evaluation). Creaminess was the best predicted by friction data, by a wide margin. This supports the notion of Creaminess being determined largely by graininess.
A source of information that is normally neglected in sensory-instrumental studies is contained in the replicates of both sensory and instrumental measures. There is no logical link between these (sensory replicate number 1 does not relate to instrumental replicate number 1, and so forth). In Figs. 7 and 8 the relationships between extensional viscosity (a physical property) and tactile resistance (a sensory property) is depicted for two different viscometry methods, squeezing flow and contraction flow. (It should be noted that only averages of replicates can be displayed meaningfully in a scatter plot: sensory as well as instrumental measurements were performed in triplicate). Introducing replicate as a random factor in a mixed model ANOVA and combining with Measurement Error Methodology is a means of separating the true correlation (related to an underlying structure) from error. [22] Using this approach we find that the maximal correlation, i.e., free from measurement error/uncertainty between viscosity and tactile firmness is 0.98 for squeezing flow 0.97 for contraction flow viscometry, which at first glance may seem surprising, given the level of scatter in the respective plots. We also notice that squeezing flow viscometry gives much higher values of elongational viscosity than does contraction flow (two orders of magnitude); this is undoubtedly due to friction, as Teflon is not an entirely smooth material.
Thus, taking into account the measurement error of both the rheological and sensory data, we find that the true correlations are very similar for squeezing flow and contraction flow, both in terms of maximal and corrected correlations (Table 6 ). One should, therefore, be cautious in picking one method over the other. 
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Other Data
Water holding capacity was found to depend on the design variables and protein level in a complex manner. Using multiple linear regression we find (r = 0.89) the most important variables to be pH and protein, followed by fat:
Univariate correlations between WHC and these variables were rather poor (r = −0.26, −0.28 and 0.28 for fat, pH, and protein, respectively). It was expected that protein and fat would contribute positively to WHC; protein by actually binding water and fat possibly by providing a denser microstructure, more capable of retaining moisture.
CONCLUSIONS
Squeezing flow viscometry proved superior to shear viscometry in predicting the tactile firmness of low-fat and non-fat cream cheeses. Contrary to shear viscometry it could be used also on non-fat samples, and it predicted hand resistance better. However, this could be specific to low-fat and non-fat cream cheese, and one should be cautious in ascribing this result to the fact that squeezing flow viscometry measures elongational rather than shear properties. Creaminess appears to be largely determined by the absence of particles, and could thus be predicted friction measurements. Measurement Error Methodology was useful in calculating the true correlation between sensory and instrumental variables. Its use is warranted when decisions on the utility of different rheological methods are to be made, but it goes without saying that selection bias should be avoided (i.e., by pre-selecting the best rheological data). 
